Abstract Nucleotides released from cells in response to mechanical stimulation or injury may serve as paracrine regulators of bone cell function. Extracellular nucleotides bind to multiple subtypes of P2 receptors on osteoblasts (the cells responsible for bone formation) and osteoclasts (cells with the unique ability to resorb mineralized tissues). Both cell lineages express the P2X7 receptor subtype. The skeletal phenotype of mice with targeted disruption of P2rx7 points to interesting roles for this receptor in the regulation of bone formation and resorption, as well as the response of the skeleton to mechanical stimulation. This paper reviews recent work on the expression of P2X7 receptors in bone, their associated signal transduction mechanisms and roles in regulating bone formation and resorption. Areas for future research in this field are also discussed.
Introduction
Bone is a specialized connective tissue composed of mineralized extracellular matrix and functionally distinct cell populations that include osteoblasts, osteocytes, and osteoclasts [1] . Among its many functions, the skeleton imparts mechanical stability and protection to vital organs and serves as a site for muscle attachment to support locomotion. Moreover, bone provides an environment for hematopoiesis and is a major repository for calcium and phosphate, thus contributing to ionic homeostasis. To maintain its mass and functionality throughout life, bone undergoes remodeling, a dynamic process that involves its coordinated resorption and formation. Remodeling occurs asynchronously at millions of sites throughout the skeleton, regulated primarily by local factors including autocrine/ paracrine mediators and mechanical stimuli. In addition, systemic factors such as parathyroid hormone and estrogen modulate remodeling activity [2] . Under physiological conditions, resorption and formation are tightly coupled, and perturbations to this balance cause bone loss in metabolic diseases such as osteoporosis and inflammatory diseases such as rheumatoid arthritis and periodontitis [3] .
Osteoblast origin, differentiation, and function As the cells responsible for bone formation, osteoblasts play an essential role in skeletal development and remodeling (Fig. 1) . Osteoblasts develop from mesenchymal stem cells that also give rise to other cell types including chondrocytes, adipocytes, and fibroblasts [4] . Commitment to the osteoblast lineage is controlled by a complex series of transcriptional events that are initiated and maintained by a number of extracellular stimuli, including bone morphogenetic proteins, transforming growth factor-β, Wnts, insulin-like growth factors, fibroblast growth factors, platelet-derived growth factors, parathyroid hormone and glucocorticoids [2, 5] . Runtrelated transcription factor-2 (Runx2) is a key transcription factor controlling osteoblast differentiation, acting together with co-regulatory proteins to direct uncommitted progenitors towards the osteoblast lineage [5] [6] [7] [8] . A second osteogenic transcription factor, Osterix (Osx) acts downstream of Runx2 and is specific for early and late stages of osteoblast differentiation [9] . The combined expression of Runx2 and Osx initiates development of the committed preosteoblast, which is characterized by expression of type I collagen and bone sialoprotein. Subsequent induction of activating transcription factor 4, together with Osx and various Wnt/β-catenin signaling components, leads to development of the mature osteoblast, which expresses type I collagen, alkaline phosphatase, and osteocalcin [2, 10] .
Mature osteoblasts secrete an organic matrix (termed osteoid) primarily composed of type I collagen intermixed with non-collagenous proteins and proteoglycans. Subsequent mineralization of the osteoid occurs through deposition of the calcium phosphate mineral hydroxyapatite. As bone formation proceeds, a number of osteoblasts become incorporated within the mineralized matrix and terminally differentiate to form osteocytes. Osteocytes maintain contact with each other as well as with osteoblasts and bone lining cells through an intricate array of cytoplasmic processes that interconnect via gap junctions. Through these cellular connections, osteocytes and osteoblasts are thought to detect and transmit signals arising from the mechanical stimulation of bone [11] .
Osteoclast origin, differentiation, and function Mononucleated precursors of the monocyte/macrophage lineage proliferate and fuse to form mature, multinucleated osteoclasts [3] (Fig. 1) . The formation, resorptive activity and survival of osteoclasts are controlled by two key signaling molecules, macrophage colony-stimulating factor (M-CSF) and receptor activator of nuclear factor κB (RANK) ligand [12] . Marrow stromal cells and Osteoid Fig. 1 The cells of bone. Osteoblasts and osteocytes arise from mesenchymal stem cells while osteoclasts are produced by fusion of precursors of the monocyte/macrophage lineage. Osteoblasts form bone through secretion of an organic matrix, termed osteoid, which is subsequently mineralized. During this process, a number of osteoblasts become embedded within the matrix and terminally differentiate into osteocytes, the most abundant cell type in bone. Other osteoblasts become "bone lining cells", which cover the quiescent surfaces of bone. Osteoclasts are large, multinucleated cells that resorb mineralized matrix. A mature osteoclast is characterized by its attachment to the bone surface and subsequent formation of a specialized membrane structure termed the ruffled border. The transport of protons and secretion of hydrolytic enzymes across the ruffled border leads to dissolution of bone mineral and degradation of the organic matrix, respectively. This activity creates a resorption lacuna on the bone surface. Modified with permission from [1] , copyright 1988, Liss osteoblasts produce M-CSF and RANK ligand in membrane-bound and soluble forms, thereby regulating osteoclast development [13, 14] . In the early stages of differentiation, M-CSF acts on its receptor c-Fms to stimulate proliferation and survival of monocytes/macrophages. M-CSF also induces expression of RANK, leading to formation of preosteoclasts in the presence of RANK ligand. In both precursors and mature osteoclasts, binding of RANK ligand to RANK activates multiple signaling pathways, including mitogen-activated protein kinases, phosphatidylinositol 3-kinase, and Ca 2+ / calcineurin. In turn, these pathways activate several transcription factors including activator protein-1, nuclear factor-κB (NF-κB) and nuclear factor of activated T cells (NFAT) [13, 14] . Of these, NFATc1 is believed to be the master regulator of osteoclast terminal differentiation [15, 16] . On the other hand, osteoprotegerin (OPG), a soluble decoy receptor secreted by cells of the osteoblast lineage, can bind RANK ligand, thereby limiting RANK signaling and inhibiting osteoclast formation and function.
Resorption requires attachment of the osteoclast to the bone surface, forming a confined microenvironment termed the resorption lacuna. Subsequently, intracellular vesicles fuse with the plasma membrane creating the characteristic ruffled border. Vacuolar proton pumps in the ruffled border acidify the resorption lacuna leading to dissolution of bone mineral. Organic constituents exposed by the process of demineralization are then degraded by cathepsin K, matrix metalloproteinase 9, tartrate-resistant acid phosphatase, and other hydrolytic enzymes. After bone has been resorbed, osteoclasts either migrate to a new site on the bone surface or undergo apoptosis [3] .
Regulation of bone remodeling
Remodeling provides a mechanism for preventive maintenance of the skeleton and the targeted replacement of fatigued or damaged bone. Each remodeling cycle is initiated by activation of osteoclast precursors, followed by bone resorption. After a reversal phase, preosteoblasts are recruited to the site, and bone is formed by the secretion of osteoid and its subsequent mineralization [17] . To maintain a precise balance between bone formation and resorption, this complex process is regulated by a network of systemic and local factors that include mechanical stimuli. In this regard, increased mechanical loading enhances bone formation resulting in improved skeletal strength. On the other hand, disuse suppresses formation and enhances the resorption of bone [10] . The process by which mechanical stimuli are translated into cellular responses, known as mechanotransduction, has been suggested to involve nucleotide release and subsequent P2 receptor activation [10, 18] .
P2X7 in bone
Extracellular nucleotides signal through P2 receptors expressed in a variety of cell types, including osteoblasts and osteoclasts. These receptors are subdivided into two classes: the P2Y family of G protein-coupled receptors and the P2X family of ligand-gated cation channels [19] . Nucleotides released in response to mechanical stimulation or inflammation may serve as autocrine/paracrine regulators of both osteoblast and osteoclast function (reviewed in [18, [20] [21] [22] [23] ). Thus, nucleotides and the complex network of P2 receptors in bone may underlie the well-recognized responses of skeletal tissues to mechanical stimulation. In 1997, Collo et al. noted expression of P2X7 in the developing vertebrae and mandible of E19 rat embryos by in situ hybridization (Fig. 2) [24] . More recently, the phenotype of mice with targeted disruption of the gene encoding the P2X7 receptor (P2rx7) has been described, suggesting a role for this receptor in the regulation of bone formation and resorption [25] and in mechanotransduction [26] .
P2X7 in cells of the osteoblast lineage

Expression of P2X7 in cells of the osteoblast lineage
There have been conflicting reports regarding expression of P2X7 receptors in cells of the osteoblast lineage. Expression of P2rx7 transcripts was initially demonstrated in the MG-63 human osteoblast-like cell line [27] . On the other hand, specific immunostaining for the receptor could not be Shown is a parasagittal section from an E19 rat embryo assessed for P2X7 mRNA using digoxigenin-labelled riboprobe hybridization. Positive staining for P2X7 receptor mRNA was seen in the developing vertebrae (dark staining, arrowheads) and mandible (arrow) providing evidence for expression of the P2X7 receptor in bone. Modified from [24] , copyright 1997, with permission from Elsevier detected in osteoblast-enriched cultures of rat calvarial cells [28] . A subsequent study conducted by Gartland et al. localized the P2X7 receptor to a subpopulation of human bone-derived cells in vitro using immunocytochemical analyses and pore-formation assays [29] . However, others reported that the P2X7 agonist 2′,3′-O-(4-benzoylbenzoyl)-ATP (BzATP) failed to elicit elevations of cytosolic free Ca 2+ concentration ([Ca 2+ ] i ) or to induce pore formation in osteoblasts from cultures of adherent human bone marrow cells [30] , leading these authors to conclude that functional P2X7 receptors are not expressed by osteoblasts.
More recent investigations have provided consistent evidence for the expression of P2X7 receptors in cells of the osteoblast lineage (Table 1 ). In 2003, the presence of P2rx7 transcripts was demonstrated in cultures of mouse calvarial cells (Fig. 3a) [25] . Moreover, BzATP induced pore formation in approximately 30% of calvarial osteoblasts from wild-type but not P2rx7 −/− mice ( Fig. 3b ),
indicating that functional P2X7 receptors are expressed by only a subpopulation of calvarial cells. P2X7 protein expression was later confirmed in mouse calvarial cultures and MC3T3-E1 osteoblast-like cells by immunoblot analysis [26] . More recently, the expression of P2 receptors and nucleotide responses were examined during the differentiation of rat calvarial cells in vitro [31] . Using conventional RT-PCR, P2rx7 transcripts were found to be present at all time points examined in culture (from days 6 to 15). Membrane blebbing is a unique response exhibited by some cell types following activation of P2X7 receptors [35] . Panupinthu et al. characterized blebbing in cultured calvarial cells to verify expression of functional P2X7 receptors in vitro [32] . In these experiments, live cells were loaded with the fluorescent dye FM4-64 to label membranes and morphology was monitored by confocal microscopy (Fig. 4a) [31] makes it difficult to attribute responses to specific P2 receptors. Moreover, heterogeneity within calvarial cell cultures and other in vitro osteoblast models adds to the complexity of interpreting data from single-cell electrophysiology or calcium fluorescence studies. Thus, future work comparing In many cell types, decreasing divalent cation concentrations in the extracellular fluid potentiates the effects of P2X7 agonists, leading to formation of aqueous pores within the plasma membrane permeable to molecules as large as 900 Da [36] . Though its physiological relevance remains to be determined, this phenomenon has proven useful in characterizing P2X7 receptor expression. In this regard, high concentrations of ATP or BzATP induced uptake of ethidium bromide (394 Da) by cultured osteoblasts in divalent cation-free buffer [29] . In a separate study, cells on the ectocranial surfaces of calvariae, a site of active osteogenesis, exhibited pore formation in response to BzATP, thereby establishing that osteogenic cells express functional P2X7 receptors in situ [33] . This finding also confirmed that P2X7 expression in bone cells is not an artifact of in vitro culture, as has been found for some P2 receptors in other systems [37] . Moreover, P2X7 receptors mediated dye uptake by mouse calvarial cells in response to fluid shear stress [26] , suggesting that pore formation may play a role in mechanotransduction.
In other cell types, P2X7 receptor activation leads to stimulation of phospholipase D (PLD) and A 2 (PLA 2 ) activity [38, 39] , suggesting that P2X7 may couple to the production of bioactive lipids. In this regard, fluid shear stress stimulates production of prostaglandin E 2 (PGE 2 ) by osteoblasts in a manner dependent on P2X7 receptor signaling [26] . Panupinthu et al. have since identified a role for lipid-signaling pathways in mediating P2X7-induced blebbing in osteoblasts [32] . Specifically, activation of P2X7 receptors leads to stimulation of PLD and PLA 2 , resulting in production of the potent lipid mediator lysophosphatidic acid (LPA; Fig. 4b ). LPA then acts through its G protein-coupled receptor to induce membrane blebbing via a pathway dependent on Rho-associated kinase. Thus, a number of the effects of P2X7 receptor activation in osteoblasts may be mediated by prostaglandins and LPA.
Most recently, P2X7 receptors have been shown to mediate extracellular signal-regulated kinase (ERK) 1/2 activation by fluid shear stress in an osteoblast-like cell line [34, 40] . The phosphorylation of ERK1/2 required ATP release, and appeared to be dependent on both elevation of [Ca 2+ ] i and activation of protein kinase C (PKC) [34] . In summary, P2X7 receptors in cells of the osteoblast lineage couple to multiple signaling pathways. It will be of considerable interest to examine cross-talk among P2X7 (Fig. 5a,b) . In contrast, femur length did not differ, indicating that P2X7 receptors do not regulate the longitudinal growth of bones. Since longitudinal growth is mediated primarily by the cartilaginous growth plate, this finding is in keeping with the absence of P2X7 in cells of the chondrocyte lineage (unpublished observations). When double calcein-labeling was used to reveal sites of active osteogenesis, reduced rates of bone formation were observed in P2rx7 −/− mice, as revealed by the shorter interlabeling distance at periosteal surfaces of the tibial shafts (Fig. 5c ) [25] . The unique phenotype of the P2rx7 −/− mouse prompted Ke and colleagues to speculate that these mice may possess decreased sensitivity to mechanical loading [25] . This hypothesis was tested directly by Li et al., who used an in vivo ulnar loading system (Fig. 6a) to compare the anabolic effects of mechanical stimulation in P2rx7 −/− and control mice [26] . Interestingly, the BzATP acts through P2X7 receptors to induce dynamic membrane blebbing of osteoblasts. a Calvarial osteoblasts from wild-type mice were incubated with the fluorescent probe FM4-64 to stain membranes and observed using confocal microscopy. Cells were bathed in nominally Ca 2+ -and Mg 2+ -free buffer, and BzATP (300 μM) was added at time 0. Images show 1-μm-thick optical sections 10 μm above the substratum through a single cell at 7-min intervals (N nucleus, blue arrowhead enlarging bleb, yellow arrowhead shrinking bleb). Scale bar 10 μm. b Proposed mechanism of P2X7-induced blebbing in osteoblasts. ATP and BzATP act through the P2X7 receptor on osteoblasts to stimulate PLD and PLA 2 . These phospholipases catalyze the conversion of glycerophospholipid (PL) to phosphatidic acid (PA) and LPA. LPA acts on its receptor (LPAR) to stimulate Rho-associated kinase, which in turn causes membrane blebbing. Reproduced from [32] with permission of the American Society for Biochemistry and Molecular Biology sensitivity to mechanical loading was reduced by up to 73% in P2rx7
−/− mice as demonstrated by dual-fluorochrome labeling (Fig. 6b) , establishing that the effects of mechanical stimulation on periosteal bone formation are dependent on the P2X7 receptor.
The skeletal phenotype of a second P2rx7 −/− mouse model has been described by Gartland et al. [43] . In contrast to the observations made by Ke et al. [25] , these mice showed no overt skeletal phenotype with the exception of thicker cortical bones than their wild-type controls. This discrepancy could be due to the different strategies used to generate the mice or their different genetic backgrounds. In this regard, the P2rx7 −/− mice characterized by Gartland et al. were constructed by insertion of a lacZ gene at the beginning of exon 1 of P2rx7 [44] , whereas the P2rx7 −/− mice described by Ke et al. carried a deletion of the region encoding C-terminal amino acids 506-532 [41] . Despite these differences, P2X7 receptor protein is not detectable in either model [44] . It is noteworthy that the decrease in bone density observed by Ke et al. was more pronounced in adult male mice, whereas Gartland et al. analyzed the bones of a relatively small number of animals, the gender of which was not specified.
Since a number of cell types express P2X7 receptors, it was not known until recently whether the phenotype of the P2rx7 −/− mouse was due to an intrinsic defect in osteoblast function or to an indirect effect mediated by other cell types. To address this question, Panupinthu et al. employed a well-characterized bone formation assay in which rat and murine calvarial osteoblasts differentiate and form bone-like nodules in vitro [33] . BzATP induced pore formation in cells within these nodules, indicating that the calvarial cells responsible for osteogenesis in vitro express functional P2X7 receptors. Moreover, activation of P2X7 receptors by exogenous nucleotides stimulated osteoblast differentiation and enhanced mineralization. On the other hand, the expression of osteoblast markers was suppressed in calvarial cells from P2rx7 −/− mice compared to wild-type controls.
Interestingly, the stimulatory effects of P2X7 activation on bone formation in vitro were dependent on both LPA signaling and cyclooxygenase activity. Thus, P2X7 receptors enhance bone formation through an osteoblastautonomous mechanism. Moreover, this study identified a novel signaling axis that links P2X7 receptors to production of LPA and cyclooxygenase metabolites, which in turn stimulate osteogenesis. The involvement of LPA, which signals in part through Rho, is consistent with the role of RhoA and Rho-associated kinase in driving the differentiation of osteoblasts from mesenchymal stem cells [45] . Moreover, the dependence of osteogenesis on cyclooxygenase activity is in keeping with the well-established role of prostaglandins in stimulating bone formation [46] and in mediating skeletal mechanotransduction in vivo [47] .
It is possible that P2X7 may have other important functions in cells of the osteoblast lineage. For example, it has been suggested that ATP and other organic phosphates provide a source of inorganic phosphate, which is required for the formation of bone mineral crystals [48] . In this regard, P2X7 receptor activation triggers ATP efflux [49] , providing a potential source of phosphate to support Fig. 5 The P2X7 receptor regulates periosteal bone formation. a Radiographs of femurs from adult (9 months) male wild-type and P2rx7 −/− mice. P2rx7 −/− mice had femurs of smaller diameter but similar length compared to wild-type controls. b Peripheral quantitative computerized tomography images of a femoral shaft from adult male wild-type and P2rx7 −/− mice. c Fluorescence images of sections of tibial shafts, from wild-type and P2rx7 −/− littermate mice at 2 months of age showing double calcein labels (green) at the periosteal surface. Calcein was administered 12 and 2 days before necropsy. The interlabeling distance is shorter in P2rx7 −/− mice compared with wild-type controls, indicating reduced rates of periosteal mineral apposition and bone formation. Modified from [25] , copyright 2003, with permission of The Endocrine Society mineralization. It is also possible that P2X7 receptors on osteoblasts are involved in the processing and secretion of cytokines, as is well-established in leukocytes [50] . Lastly, activation of P2X7 receptors promotes apoptosis in a number of cell systems [51] . In fact, Gartland et al. interpreted P2X7-induced membrane blebbing of human bone-derived cells as reflecting apoptosis [29] . In addition, ATP and BzATP induced delayed release of lactate dehydrogenase from osteoblastic cells, indicating cell death. However, Panupinthu et al. found BzATP-induced membrane blebbing of murine calvarial cells was reversible upon removal of agonist, indicating that P2X7 receptors do not induce acute cell death [32] . Moreover, stimulation of P2X7 receptors in MC3T3-E1 osteoblastic cells does not activate caspase 3, a key mediator of apoptosis [26] , arguing against a pro-apoptotic effect. Future studies are needed to clarify the roles of P2X7 receptors in regulating survival and other functions of osteoblasts.
P2X7 in osteoclasts
Expression of P2X7 receptors in osteoclasts
In contrast to cells of the osteoblast lineage, there has been general agreement that osteoclasts express functional P2X7 receptors (Table 2 ). In 1994, Modderman et al. observed that, in the absence of divalent cations, ATP (2 mM) induced ethidium bromide uptake and increased the membrane conductance of murine osteoclasts [61] . P2rx7 transcripts have since been identified using RT-PCR in osteoclast-like cells derived from human bone marrow mononuclear cells [30] and peripheral blood monocytes [53, 54] . Moreover, mRNA encoding P2X7 was present throughout peripheral blood monocyte differentiation (0-21 days), suggesting that the receptor is expressed by both osteoclasts and their precursors [53, 54] . Immunocytochemical staining and pore-formation assays have also been used to establish the expression of functional receptors in authentic rat and murine osteoclasts, and in-vitro-derived murine and human osteoclasts [30, 54-56, 59, 62] . Furthermore, expression of P2X7 by human osteoclasts in vivo has been confirmed by labeling with a monoclonal antibody (Fig. 7) [54].
P2X7 receptor signaling in osteoclasts
In cells expressing functional P2X7 receptors, ATP induces an activity-dependent, nonselective cation current. Wholecell currents activated by P2X7 receptors in authentic osteoclasts were characterized by Naemsch et al. using patch-clamp techniques (Fig. 8) [56] . With K + currents blocked by CsCl in the electrode solution, initial application of ATP (100 µM, sufficient to activate P2X4 and some P2Y receptors, but not P2X7) evoked inward P2X4 current. The P2X4 current activated rapidly and then declined, with successive applications of ATP eliciting little response (Fig. 8a) showing double fluorochrome labeling from wild-type (bi) and P2rx7 −/− (bii) mice. Calcein (green) and alizarin (red) were administered 5 and 11 days after the first loading day. Mechanical loading of the right ulna activated the formerly quiescent periosteal surface. The responses in wild-type mice were more robust (illustrated by increased fluorescence intensity and interlabeling distance) compared with P2rx7 −/− mice. Modified from [26] , with permission of the American Society for Biochemistry and Molecular Biology the initial ATP-activated current was inwardly rectifying and reversed direction close to 0 mV (Fig. 8b) . However, a different pattern was observed when BzATP was applied successively (Fig. 8c) . The first application of BzATP evoked the same initial P2X4 current, but was followed by an inward current that increased in amplitude with successive stimulations. The later component of the BzATP-activated current was inwardly rectifying and also reversed close to 0 mV (Fig. 8d) . Furthermore, the later component was activated only by BzATP or higher concentrations of ATP [56] . Thus, in contrast to P2X4 current which desensitizes with repeated agonist application, the later BzATP-induced current was activitydependent, consistent with the behavior of P2X7 receptors in other systems [63] .
Although BzATP is a relatively potent agonist of P2X7, it activates a number of other P2 nucleotide receptors [35] , including P2X4 (Fig. 8) [56] . Thus, investigators cannot rely on responses to BzATP alone to establish the involvement of P2X7 receptors. In this regard, functional characteristics of the BzATP-induced current have been examined in osteoclasts isolated from wild-type and P2rx7 −/− mice [25] . BzATP (300 µM) or a high concentration of ATP (1 mM) caused development of slowly deactivating inward current in wild-type, but not P2rx7
osteoclasts, providing strong evidence that this inward current is mediated by P2X7 receptors. In osteoclasts, voltage-gated Ca 2+ channels are not expressed [64] and Ca 2+ influx cannot be detected following stimulation of the P2X4 receptor [65] . To examine if the P2X7 receptor mediates Ca 2+ influx in osteoclasts, [Ca 2+ ] i changes in response to BzATP were assessed using combined patch-clamp and fluorescence techniques [56] . BzATP induced progressively increasing elevations of [Ca 2+ ] i that were closely associated with the activity-dependent current (Fig. 8e) Nucleotides activate two distinct P2X currents in osteoclasts: a transient P2X4 current followed by an activity-dependent P2X7 current that involves Ca 2+ influx. Whole-cell currents were recorded from rabbit osteoclasts with CsCl in the electrode solution to block K + currents. Voltage ramp commands were used to obtain I-V relationships at times indicated by numbers. Nucleotide-induced currents were revealed by subtraction of the control current. Symbols in a, c, and e represent current at −100 mV. Bars above the current traces represent the length of agonist applications. a ATP (100 μM) was applied to a single osteoclast at the times indicated, with initial application inducing an inward P2X4 current that desensitized with successive applications. b I-V relationships for the same cell as in panel a. The initial ATP stimulation (1) induced an inwardly rectifying current that reversed near 0 mV. Little current was elicited upon the 5th, 10th, or 15th stimulation. c A second osteoclast was stimulated with BzATP (100 μM). After the initial P2X4 response to BzATP, successive stimulations led to the progressive development of P2X7 current of increasing amplitude. d I-V relationships for the cell in panel c revealed that both early and developing BzATP-induced currents reversed close to 0 mV. e Whole-cell currents and [Ca 2+ ] i were recorded simultaneously in a rabbit osteoclast. BzATP (100 μM) activated an inward current (bottom) that increased in amplitude with successive stimulations, accompanied by progressive and transient increases in [Ca 2+ ] i (top trace). These data are consistent with an initial, transient activation of P2X4 channels followed by progressive activation of P2X7 channels and P2X7-mediated Ca 2+ influx. Modified from [56] , with permission of the American Society for Biochemistry and Molecular Biology been described in rabbit osteoclasts stimulated with BzATP (300 µM) [57] . This response consisted of an initial transient elevation of [Ca 2+ ] i , due to activation of P2Y receptors, followed by progressively larger increases in [Ca 2+ ] i dependent on Ca 2+ influx through P2X7 receptors. In a separate study by Jorgensen et al., BzATP was shown to induce acute Ca 2+ responses in in-vitro-derived human osteoclast-like cells [30] . These responses were inhibited by oxidized ATP and attributed to activation of P2X7 receptors. However, oxidized ATP is not a specific antagonist of P2X7 receptors [66, 67] . Moreover, in rabbit osteoclasts, the initial transient elevation of [Ca 2+ ] i in response to BzATP is caused by P2Y receptor-mediated release of Ca 2+ from intracellular stores [57] . Ca 2+ influx through the P2X7 channel could couple to a number of intracellular signaling pathways activated by elevated [Ca 2+ ] i . In this regard, Ca 2+ entry mediated by the P2X7 receptor leads to NFAT activation in microglial-like cells [68] and enhances IL-1β secretion from monocyte and macrophage cell lines [69] . However, the role of P2X7-mediated Ca 2+ influx in osteoclasts remains to be elucidated.
The conventional isoforms of protein kinase C (PKC), including PKCα and PKCβ1, are important intracellular signaling molecules, the activation of which is dependent on increases in [Ca 2+ ] i . To determine whether P2X7 receptors activate PKC in osteoclasts, Armstrong et al. employed murine macrophage RAW 264.7 cells, which differentiate into multinucleated osteoclast-like cells in the presence of RANK ligand. Stimulation of differentiated RAW 264.7 cells with BzATP-induced transient translocation of PKCα to the plasma membrane [60] . In contrast, UTP and low concentrations of ATP, which activate P2 receptors other than P2X7, failed to elicit this response. Moreover, BzATP failed to induce PKC translocation in osteoclasts derived from the bone marrow of P2rx7 −/− mice, demonstrating specificity for P2X7. Translocation was temporally correlated with BzATP-induced elevations in [Ca 2+ ] i and dependent on the presence of extracellular Ca 2+ , thereby implicating P2X7-mediated Ca 2+ influx in PKC activation [60] . A recent study identified signaling through PKC as being essential for enhanced osteoclast survival in response to extracellular acidification [70] . However, the functions of PKC downstream of the P2X7 receptor remain to be identified. Overall, given the multitude of proteins and transcription factors regulated by Ca 2+ , the role for Ca 2+ influx in P2X7 signaling in osteoclasts should prove to be a fruitful area for future research.
NF-κB is a transcription factor essential for osteoclast development [71, 72] . In resting cells, inactive NF-κB resides in the cytoplasm and upon activation translocates to the nucleus where it regulates transcription of a variety of genes involved in cell proliferation, apoptosis, and inflammation [73, 74] . Thus, NF-κB activation can be assessed indirectly by examining its subcellular localization [75] . Korcok et al. studied the effect of BzATP on NF-κB in osteoclasts isolated from wild-type and P2rx7 −/− mice [57] .
Treatment of wild-type osteoclasts with BzATP, but not vehicle, increased nuclear localization of NF-κB (Fig. 9a,  b) . Importantly, P2rx7 −/− osteoclasts treated with BzATP did not show activation of NF-κB (Fig. 9c,e) . NF-κB activation in wild-type osteoclasts was transient and reached a maximum 30 min following exposure to BzATP (Fig. 9d) . Together, these data established that activation of the P2X7 receptor causes NF-κB translocation in osteoclasts. However, these studies employed authentic osteoclasts isolated from the marrow of rabbit and murine long bones. In addition to osteoclasts, these cultures contain marrow stromal cells and cells of the osteoblast lineage, which also express functional P2 receptors. Thus, extracellular nucleotides may act on osteoblasts to induce expression of RANK ligand [53] , which could bind its receptor RANK on osteoclasts to activate NF-κB. To examine if BzATP activates NF-κB in osteoclasts indirectly by increasing RANK ligand expression, isolated cells were treated with the decoy receptor for RANK ligand, OPG. OPG did not inhibit the activation of NF-κB induced by BzATP [57] , indicating that the P2X7 receptor-mediated activation of NF-κB is independent of RANK ligand. It remains to be determined whether P2X7 receptors in osteoclasts couple to activation of transcription factors in addition to NF-κB. For example, it is possible that P2X7-induced elevation of [Ca 2+ ] i leads to activation of NFAT, as described in microglial cells [68] .
Physiological function of P2X7 receptors in osteoclasts
In other cells of hematopoietic origin, the P2X7 receptor plays a role in a variety of processes such as giant-cell formation, posttranslational processing of IL-1, and cell death [50, 51, 76, 77] . The finding that the P2X7 receptor promotes giant-cell formation by macrophages [78] led to the proposal that it also plays a role in the fusion of osteoclast precursors, leading to formation of mature, multinucleated osteoclasts. In this regard, Gartland et al. reported that formation of osteoclast-like cells from human peripheral blood monocytes was inhibited by oxidized ATP or a blocking antibody directed against the P2X7 receptor [54] . Moreover, RAW 264.7 cells lacking functional P2X7 receptors failed to form multinucleated osteoclast-like cells in response to RANK ligand [59] . However, critical insights into the role of the P2X7 receptor in osteoclast formation have come from examination of P2rx7 −/− mice.
In this regard, both P2rx7 −/− mouse models possess multinucleated osteoclasts, providing compelling evidence that the P2X7 receptor is not essential for either the fusion of osteoclast precursors or osteoclast differentiation [25, 43] . An important role for the P2X7 receptor in bone remodeling has been inferred from the phenotype of the P2rx7 −/− mouse [25] . In addition to the effects observed on osteoblast function and periosteal bone formation described above, P2rx7 −/− mice exhibited decreased trabecular bone volume accompanied by increased numbers of osteoclasts on the trabecular bone surface [25] . In this regard, P2X7 receptor signaling has been implicated in the regulation of resorption. There is a preliminary report that activation of P2X7 nucleotide receptors by BzATP inhibited bone resorption by human osteoclastoma-derived cells in vitro through initiation of apoptosis [52] . However, a later study from the same group found that P2X7 receptor antagonism Reproduced from [57] with permission of the American Society for Bone and Mineral Research led to decreased bone resorption and enhanced apoptosis of in vitro derived human osteoclasts [54] . These conflicting results led the authors to suggest that the timing and degree of receptor stimulation dictates the outcome of P2X7 activation in osteoclasts.
Jorgensen et al. have suggested that P2X7 receptors on osteoclasts play a role in mechanically induced intercellular signaling between osteoblasts and osteoclasts, and among osteoclasts [30] . It was proposed that mechanical stimulation of a cell causes ATP release, which leads to [Ca 2+ ] i elevation in neighboring cells. Lack of desensitization and sensitivity of the response to oxidized ATP led the authors to suggest that this response is mediated by P2X7 receptors on osteoclasts. However, it is difficult to rule out the possible involvement of other calcium-mobilizing P2 receptor subtypes present in these cells [22] .
Given the phenotype of the P2rx7 −/− mice [25] , Korcok et al. proposed a model in which osteoclast survival is regulated by the P2X7 receptor [62] . Using authentic osteoclasts, it was found that the P2X7 receptor can regulate osteoclast survival by induction of acute cytolysis or apoptosis [62] . Osteoclast cytolysis results from activation of the receptor by high concentrations of exogenous nucleotides in the presence of low concentrations of extracellular Ca 2+ and Mg 2+ . However, it is unlikely that these conditions occur in vivo. Thus, regulation of osteoclast survival was examined under more physiological conditions. Under such conditions, wild-type osteoclasts were more susceptible to apoptosis and showed lower survival rates than did osteoclasts isolated from P2rx7 −/− mice. A more recent study provided further evidence for a role of the P2X7 receptor in mediating apoptosis of osteoclasts [79] (see below).
It is interesting that stimulation of the P2X7 receptor can lead to diverse effects such as activation of NF-κB, an antiapoptotic signaling factor, as well as apoptosis. However, it should be noted that these effects are achieved at different levels of P2X7 receptor stimulation. The presence of P2X7 receptors enhances osteoclast apoptosis even in the absence of exogenous nucleotides-a condition under which NF-κB is not activated. In contrast, NF-κB is activated by exogenous BzATP, with half-maximal effects observed at 100 µM [57] . Thus, extracellular nucleotides can act through P2X7 receptors on osteoclasts to activate multiple signaling pathways and induce apoptosis, consistent with the increase in osteoclast numbers observed in P2rx7 −/− mice [25] .
Genetic polymorphisms of the human P2X7 receptor P2X7 is among the most polymorphic of P2 receptors [80] . Polymorphisms that have been identified within the coding region of the human P2X7 receptor have a wide range of outcomes, such as gain-of-function [81] , loss-of-function [82, 83] , impairment of cytokine release [84, 85] , and altered cell death [86] . The relatively common Glu496Ala polymorphism results in reduced pore-forming ability [82] without altering channel function [87] , whereas the Ile568Asn polymorphism prevents normal channel trafficking and function [88] . In this regard, Ohlendorff et al. found that Glu496Ala and Ile568Asn single-nucleotide polymorphisms in the human P2X7 receptor are associated with 10-year fracture risk in postmenopausal women [79] . Moreover, the Glu496Ala polymorphism resulted in decreased susceptibility to ATP-induced death of osteoclastlike cells derived from peripheral blood monocytes. Increased skeletal fragility in patients with loss-of-function polymorphisms in the P2X7 receptor is consistent with decreased susceptibility of osteoclasts to apoptosis [79] . As well, impaired osteoblast differentiation and bone formation may contribute to increased fracture risk. It is worth noting that the skeletal changes observed in postmenopausal women with loss-of-function polymorphisms of the P2X7 receptor [79] correspond to the phenotypic changes in the P2rx7 −/− mouse described by Ke et al. [25] .
Prospects and conclusions
Nucleotides released into the extracellular environment by a variety of stimuli act through multiple P2 receptors on osteoblasts and osteoclasts to regulate the activity and interactions of these cells. Recent evidence reviewed here has provided insight into the importance of P2X7 receptor signaling in osteoblast and osteoclast function. The P2rx7 −/− mouse described by Ke et al. exhibits decreased periosteal bone formation, increased trabecular bone resorption [25] , and impaired response to mechanical stimulation [26] . Moreover, P2X7 receptor activation in osteoblasts enhances differentiation and bone formation [33] , whereas its activation in osteoclasts results in apoptosis [52, 62, 79] (Fig. 10) . These remarkable differences in the effects of P2X7 receptor signaling in osteoblasts and osteoclasts may reflect a sophisticated mechanism through which the skeleton responds to mechanical stimulation by simultaneously increasing bone formation and suppressing its resorption. In this regard, the P2X7 receptor might be an ideal target for the development of drugs with combined anabolic and anti-resorptive actions for use in treatment of osteoporosis and the prevention of bone loss in microgravity.
In vitro analyses have shown that P2X7 expression is restricted to an as-yet-unidentified subpopulation of osteoblastic cells. Osteoblast-enriched cultures encompass a number of cells at various stages of differentiation, a fact that might explain such heterogeneous patterns of expres-sion. Additional studies are needed to examine whether expression of P2X7 is regulated and how such regulation might contribute to bone cell function. In this regard, exposure to certain stimuli has been found to enhance P2X7 expression in various cell types [89] [90] [91] . On the other hand, high concentrations of ATP appear to mediate internalization of P2X7 in osteoclast-like cells [59] . Modulation of P2X7 receptor expression could play an important role in regulating the responses of bone cells to extracellular ATP.
It is well-established that mechanical stimulation of various cell types including osteoblasts induces release of ATP [92, 93] . Moreover, osteoblast-like cells constitutively release nucleotides into the extracellular environment [94] . Since intracellular concentrations of ATP are~5 mM, it is conceivable that ATP released into a confined extracellular compartment within the bone would produce levels sufficient to activate P2X7 receptors on osteoblasts and osteoclasts, consistent with the P2rx7 −/− phenotype described by Ke et al. [25] . In this regard, pores formed in response to activation of P2X7 permit additional ATP release [49] . While the physiological importance of this phenomenon remains unknown, mechanical stimulation of osteoblasts in vitro leads to pore formation under physiological conditions via a mechanism dependent on P2 receptor signaling [26] , suggesting a role for pore formation in mediating P2X7 receptor activation in vivo. Alternatively, a second pathway for P2X7 activation has been identified. Seman et al. demonstrated that the P2X7 receptor on T cells can be activated following its ADP ribosylation by a cell surface ADP-ribosyltransferase utilizing NAD as a substrate [95, 96] . It would be of interest to determine whether a similar pathway is involved in activating P2X7 receptors on osteoblasts and osteoclasts. The P2X7 receptor has been described classically as unique among other P2X receptors in that it forms only homomultimers within the plasma membrane [97] . However, a recent study has identified structural and functional interactions between P2X4 and P2X7 subunits, providing the first evidence for existence of functional P2X4/P2X7 heteromeric receptors [98, 99] . Since P2X4 is expressed in osteoclasts [28, 100] and in cells of the osteoblast lineage (unpublished observations), future studies should examine the presence and potential function of P2X4/P2X7 heteromers in these cells.
In summary, nucleotides released into the extracellular environment of bone during inflammation and in response to mechanical stimulation could regulate the differentiation and function of osteoblasts and osteoclasts by acting on P2 receptors. Immediately following nucleotide release, bone resorption could be inhibited and formation enhanced via ATP acting on P2X7 receptors to induce osteoclast apoptosis and to promote differentiation of osteoblasts. Since complex interactions likely occur among the pathways activated by different P2 receptors, the role of P2X7 and other nucleotide receptors in the sensing of mechanical stimuli by osteoblasts and osteoclasts will be a fertile ground for future research. stimulates bone formation by osteoblasts, whereas its activation in osteoclasts induces apoptosis. Thus, the P2X7 receptor may be part of a sophisticated mechanism through which bone mass is regulated by mechanical stimulation
